Task Objective
The objective of this work is to develop guidelines based on kinetic and thermodynamic solidification theory for prediction and control of rapid solidification processes. In particular, segregation effects and rules governing the formation of equilibrium and non-equilibrium phases, including metallic glasses, will be investigated. Areas where significant improvements In alloy properties can be produced by rapid solidification will be emphasized.
Technical Problem and General Methodology
Rapid solidification techniques make it possible to produce new types of materials having significantly better properties than conventionally processed materials. However, Improved predictive techniques and control of rapid solidification processes are needed. The current studies are focussed on the science underlying areas where Improved materials can be obtained in order to provide such prediction and control. This work is both theoretical and experimental.
Three major ways in which rapid solidification technology provides improved materials are:
A.
Production of alloys with new coqositions and phases
S.
Production of more homogeneous alloys.
C.
Production of alloys with Improved uicrostructures, including finer segregation, and Improved surface structures
The general method followed in this work has been to Identify critical questions in these three major rapid solidification application areas where solidification theory, when properly developed and checked by experiaent, can provide inproved understanding of Itqortant rapid solidification processes. This understanding then is pursued to provide guidelines that can be used by alloy producers to obtain new Itnroved aterials and to select optlnun alloy compositions and processing conditions for rapid solidification applications.
Accomplishments to date on this contract and work In progress In each of these areas will now be described In more detail.
Sum&ry of Technical Results. Important Findings. Plans and IMplications
for Future Work
In application A, particular success has been achieved during the first three years of this contract In (1) evaluating conditions which control critical solidificatfbn velocities for production of netallic glass alloys,
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the velocity region where the distribution coefficient varies strongly with velociiy, the stability analysis becomes much more complex.
Unfortunately very little information is available concerning the velocity dependence of k.
As a result of these considerations it is probable that minute amounts of impurities such as iron account for our observation that aluminum containing Mn or Ag is less stable than predicted at solidification velocities of a few centimeters per second but can nonetheless be made stable at high concentrations by solidifying at velocities which may be sufficient to produce solute trapping (as produced by melt spinning).
Metallographic analysis of electron beam melt spots on Al-Mn alloys showed a structural variation with composition which is difficult to explain in terms of a conventional cellular structure and is suggestive of velocity-dependent distribution coefficient effects. Conditions which in a 1% Mn alloy produce a cellular microstructure which is very strongly lamellar in a longitudinal section produced in an 0.1% Mn alloy a structure which in the same longitudinal section appears much more like a three-dimensional network of cells. A complete characterization of this structure, however, will require simultaneous determination of its appearance in orthogonal sections. Comparison with the theory of interface stability including the effects of a velocity-dependent distribution coefficient is rendered difficult by the absence of any information on the form of k(v) and the possible influence of minute concentrations of Impurities.
The most extreme case of a homogeneous metallic solid is the metallic glass, and we have found that electron beam surface melting can be used to make relatively thick extensive layers of amorphous materials. This study used palladium-copper-silicon alloys in which it is known that coupled growth of the crystalline phases cannot take place at velocities of greater than a few millimeters per second. Such sluggish growth kinetics suggested the possibility that if the electron beam is scanned rapidly across the surface to produce a single amorphous melt pass, which is known to be quite easy in this material, then successive overlapping passes could be used to generate additional amorphous material without resulting in significant crystallization in the previous passes. Thus shown to work and some glass was formed at depths of over 500 n.
When the same process is attempted with Cu-Zr, very little glass is formed. Although this is also a relatively easy glass former, when the melts are several hundred micrometers deep the cooling rates are not sufficient to prevent the crystals in the substrate from growing up to the surface in most places.
In addition, attempts to produce a wide strip of thick glassy material on Pd-Cu-Si by rapidly (several kHz) oscillating the electron beam in the direction perpendicular to that with which it swept over the surface of the slab resulted in amorphous material only along the sides of the strip.
Although no heat flow analysis of this melting mode has been carried out, it is clear that the attainable cooling rates are slow except at the edges of the strip or for very thin melts. The overlapping strip method as described above is thus the most effective way to obtain deep layers of rapidly solidified material, and it is being applied to studies of The Importance of these different effects will depend upon the alloy being melted, the application for which it Is intended, and the mode of surface melting which is employed. Because little attention has until now been devoted to these effects, we have started studies of residual stress effects with the ultimate objective of Identifying procedures which may ameliorate or eiminate the problems.
The most practical way to produce extensive rapidly solidified surface layers on a metal Is to scan an enerw beam over the surface of a material to produce a continuum of overlapping small weld lines. This mode of melting can be contrasted to the mode frequently used for laser annealing of semiconductors, in which a pulsed laser beam melts a wide but extremely shallow layer on the material surface. In the latter case, the heat flow Is one-dimensional and residual stresses may be small or absent but this mode of melting is impractical for most metallurgical applications where deeper melts are desired.
kA When a small melt spot is scanned across the surface of a metal, the deleterious effects mentioned above have their origin tn the thermal ( contraction of the solid material as it cools, and In some cases also in the change of volume which accompanies solidification. As the scanning velocity of the melt spot Increases, the heated area surrounding the melt zone changes in shape and size and the response of the system to the stresses developed during cooling also changes. Realistic analysis of the stresses developed during this type of process is rendered difficult by the temperature dependent elastic/plastic behavior and, especially in the case of highly alloyed materials, the possibility of large deviations from euillibrium during solidification. Of particular importance In surface melting of many alloys are hot tearing phenomena In which cracks form by the pulling apart of the material in the solute-rich regions between dendrites or between grains.
For the case of melting by a circular energy spot scanned across a metal surface, It has been shown (I) that the critical parameters controlling the melting are qa and Ua/2m, where q Is the absorbed power density, a is the spot radius, U Is the velocity with which the spot moves, anda Is the thermal diffusivity. For a stationary spot on a given material, a critical value of qa Is needed to initiate surface melting and the surface reaches the vaporization temperature at a higher critical value of qa (2).
The latter condition bears a relation to the development of the deep penetration mode of welding, which is not generally desired for surface All Of the Crack$ whiiOu were observed appeaed to be hot teens, I.e., they Occurred io Solute-rich reiwmS, either betaffs gralas or betweei *dd I tes.
At velocities of S a )o, */S or less, cras were very sImil soud were frequently Interdsu~ritic as well as Iistetyaaftlai. thuey olowd a stroeg tendency to lit perpendcular to the local Solid-liquid Iiterface, 
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where af is the molar entropy of fusion at Ti, f is Avogadro's number, and kl Is the Boltzmann constant. V is a kinetic constant proportional to the interfacial rearrangement frequency and f. It can hardly exceed the limit, which should be of the order of the sound speed v s , imposed by the collision frequency of atoms or molecules from the liquid onto the interface (9, 10).
Thus

V -v £Sf aT 1 (2)
Exposure of the actual aT I and V should be most favored under conditions where the ambient undercoolings and attendant crystal growth speeds are very large.
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Perlps the highest measured crystal growth velocities are those of Ni ad Co Into their pure undercooled melts, reported by Walker (11) and Colligan sod Bayles (12). In their experiments colums of the bulk melt were undercooled by varying amounts up to 2S0-3 0 and then seeded at one end. V was determined from the times at which the freely moving dendrite tip passed thermal sensors sited along the column.
The growth rates at given mient undercooling. aT. were fairly reproducible to £T 0.1T*, but scattered widely at h0.1T , presumably because of the perturbing influence of dynamic nucleation events which frequently accompanied the rapid growth in this AT regime. The aT dependence of V was approximately described by:
with A -0.142 and 0.17 cu/(sec (K) 2 ) for i and Co. respectively. While sti1l
an its parabolic course V in both metals had reached levels near SO meters/sec at AT 2 0.IT . This velocity would require an interfacial undercooling aT 1 > 0.01ST. since v s in these liquids Is expected to be % 3000 meters/sec.
Therefore it should be substantitlly and measurably less than the calculated heat transport limited (i.e., AT, a 0) rate.
This paper presents the theory of heat transport l imited crystal growth as modified to allow for the restraints Imposed by the interface rearrangement process and Its-application to the assessment of the relative Importance of heat transport and interface kinetics in the growth of NI crystals in their pure undercooled melts.
For an isoihermal dendrite (paraboloid of revolution) with tip radius R propagating at constant velocity V, solution of the heat flow equation leads to the relationship
where p-VR/ 2 L is the Peclet number, E l is. the exponential integral, L isthe thermal diffusivity of the liquid, L v is -the latent heat per unit volume and kL is the liquid thermal conductivity. Equation (4) sphere. Such an approximate theory has been shown to provide an excellent fit to the extensive dendritic growth data on succinonitrile (5-6). We will use previous resu.lts on the effect of interface kinetics on the morphological stability of a sphere to obtain a second relationship between AT, V, and R.
By combining this second relationship with eq. (4), we obtain the dendrite growth velocity V as a function of bath undercooling AT.
We consider growth into a undercooled liquid of a perturbed sphere of radius R$. Above a certain radius, perturbations of the form of spherical harmonics Y~m grow more rapidly than the sphere. From eq. (13) of reference 13, this radius (above which the sphere is unstable) is given by
and Vs 7 (kL/Lv)(ATS/RS)/{l + [kL/(LvpRs)]).
In these equations 14 1 + (1 + ks/kL)Z, Eq. (5) gives the radius above which the perturbations grow more rapidly than the sphere itself (see discussion of absolute and relatiVe stability in reference 13); using this value for the radius seems more reasonable than using that above which the perturbation growth rate is positive.
In using the results of morphological stability theory for a sphere to obtain a relationship between AT, V, and R relevant to dendritic growth, it is necessary to decide the manner in which the sphere (AT s , V s and Rs) models dendritic growth. The basic hypothesis is that the dendrite radius is that for which the sphere is at the stability-instability demarcation and we take R far from the interface, it is perhaps more reasonable to require that V s V rather than AT s = AT. We will actually consider both of these possibilities.
We denote as the RV method the case whier R = R and V =V and as the RT
. . method the case where R = s and AT = AT s .
The only adjustable parameter is the integer Z which is related to the form of the perturbation of the sphere. Since t = I and t = 2 perturbations grow more slowly than the sphere, we require Z -A 3. Presumably, Z should reflect the symmetry of the crystal, which for a cubic material suggests Z = 4 or 6 although Langer (2-3) has argued for t 5 for a cubic material. For ". When interface kinetics are sufficiently rapid, i.e., a, 0, R. is proportional to R* with the proportionality constant dependent on t and ks/kL. For example for a, = 0, the above equation gives R s = 83R*/2. We also note that when interface kinetics are included the dendrite can not be isothermal and eq. (4) which is based on an isothermal paraboloid of revolution is a reasonable but not exact approximation. Approximate corrections to eq. (4) hAve been derived (8) .
In the RV method R R s and V = Vs, and we use eq. (7) In the RT method R R s and AT ATs, and for a given AT, R can be calculated from eq. (5); eq. (4) is then solved numerically to find V as a function of
AT.
Calculations have been carried out for the growth of nickel dendrites.
The following values of the physical properties were used: 
